1. Introduction {#sec1}
===============

Enterovirus 71 is well known as one of the major causative agents of Hand, foot and mouth disease (HFMD), which usually initiates self-limiting acute febrile disease followed by papulovesicular rashes on the buccal mucosa and palms, soles and buttocks [@bib1]. However, EV71 infection is also associated with severe neurological manifestations, including aseptic meningitis, acute flaccid paralysis and brainstem encephalitis, resulting in autonomic dysregulation, fulminant pulmonary edema, myocardial dysfunction, shock and severe sequelae, even death [@bib2]. Accumulating evidences propose that the mutant of the virus, as well as the age, immune status and genetic profiles of the host may be involved in the clinical phenotypes exhibited by EV71-infected individuals [@bib3], nevertheless, what determines the clinical outcome of EV71-induced HFMD is poorly understood.

The long non-coding RNAs (lncRNAs) are non-protein-coding transcripts at least 200 nucleotides, which play versatile roles in diverse physiological and pathological processes [@bib4]. In 2009, the potential function of lncRNAs in innate immunity were identified for the fist time [@bib5]. Since then, increasing number of lncRNAs have been identified to participated in innate immune system and the related immune and inflammatory responses, such as lincRNA-COX2 [@bib5], Lethe [@bib6], PACER [@bib7] and lnc-DC [@bib8]. The innate immune system is the first defense line of the host to recognize and clear the invasion pathogens. The tightly regulation of innate immune system is closely associated with the elimination efficiency of pathogen infection. Although, many lncRNAs have been uncovered exhibiting flexible manners in regulation of innate immunity, the function of most of lncRNAs are still unknown and need to be discovery.

Application of genome-sequence and microarray technologies have facilitated the deciphering of dramatic changes in the host transcriptome upon virus infection, and the function of lncRNAs in host-virus interaction attract more attentions [@bib9]. Virus-inducible non-coding RNA (VINC) is the first reported viral infection related lncRNA [@bib10]. There were widespread differential regulation of lncRNAs during SARS-CoV infection [@bib11]. Moreover, the lncRNAs have distinctive kinetic expression profiles in type I interferon receptor and STAT1 knockout mice infected with SARS-CoV, including unique signatures of lncRNAs expression associated with lethal infection [@bib11]. The expression of lncRNA Tmevpg1 (also known as NeST) was increased and essential for the host persistence of Theiler\'s virus [@bib12]. In EV71-infected Rhabdomyosarcoma (RD) cells, more than 4800 lncRNAs differentially expressed [@bib13], however, whether lncRNAs play essential roles in host-EV71 interaction is still lack in vivo and clinical evidences, which is needed further exploration.

Herein, we identified there were thousands of lncRNAs differently expressed in EV71-infected HFMD mild and severe patients and the healthy controls, and focused on the dynamic changed lncRNAs to performed the systematic bioinformatics analysis with GO analysis, pathway analysis as well as the lncRNA-mRNA co-expression network analysis, to reveal the potential roles of lncRNAs in EV71-infection.

2. Materials and methods {#sec2}
========================

2.1. Study design and populations {#sec2.1}
---------------------------------

In this case-control study, peripheral blood samples were obtained from 42 HFMD patients and 20 healthy controls in Shenzhen Children\'s Hospital, Shenzhen Baoan District People\'s Hospital and Shajing Institution of Disease Prevention and Healthcare from 2015 to 2016. All of the patients were confirmed as EV71 infection, through EV71 isolation and sequence identification with clinical samples, such as stool, rectal and throat swabs. Meanwhile, the patients were diagnosed with HFMD according to the WHO Guide to Clinical Management and Public Health Response for HFMD, and were further divided into 20 mild and 22 severe patients. Healthy candidates were age sex matched with the patients, and were identified without EV71 infection and other infection disease. All of the participants were informed consent and the study was approved by the Ethics Committee of the Shenzhen Center for Disease Control and Prevention.

2.2. RNA isolation {#sec2.2}
------------------

The peripheral blood mononuclear cells (PBMCs) were isolated from the blood samples by Ficoll paque peremium (GE Healthcare Life Science) within 2 h. The total RNA was extracted from the PBMCs using Trizol reagent (Invitrogen Corporation) and was validated with Agilent Array platform for microarray assay or store at −80 °C.

2.3. Microarray analysis {#sec2.3}
------------------------

The microarray analysis was performed with the Affymetrix Human Transcriptome Array 2.0 (HTA 2.0) (Affymetrix), which contains more than 40,000 non-coding and 245,000 coding transcripts in human genome. Each transcript cloud be identified precisely by specific exon or exon-exon splice junction probes. The transcripts with P \< 0.05 were selected, after significant and false discovery rate (FDR) analysis [@bib14], [@bib15], [@bib16]. The microarray assay and bioinformatics analysis were performed by Gminix Biotechnology Company (Shanghai, China).

2.4. STC analysis {#sec2.4}
-----------------

STC (Series Test of Cluster) were employed to study the gene expression dynamics profiles and to determine the profiles containing significant higher number of genes, revealing the change rule of gene expression [@bib17]. We selected differentially expressed genes with randomized variance model corrected ANOVA. Profiles that are significant have higher probability than expected by Fisher\'s exact test and multiple comparison tests [@bib18], [@bib19].

2.5. GO analysis and pathway analysis {#sec2.5}
-------------------------------------

Gene Ontology (GO) analysis was used to explore the function of differentially expressed genes, and to assign the genes to biological processes GO terms according to the annotations [@bib20]. The pathway analysis was based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database to determine the significant pathway of the differentially expressed genes [@bib20]. The GO terms and the KEGG pathways that had P \< 0.05 were chosen.

2.6. Construction of the lncRNA-mRNA co-expression network {#sec2.6}
----------------------------------------------------------

The lncRNA-mRNA co-expression network was constructed to clarify the interaction between differentially expressed lncRNAs and mRNAs in Profile9. Each lncRNA-mRNA pair was analyzed with Pearson correlation to choose the significant pairs for co-expression network construction [@bib21], [@bib22]. The lncRNA-mRNA pairs which with correlation coefficient significant more than 0.95 were selected.

2.7. Quantitative real-time PCR (qRT-PCR) {#sec2.7}
-----------------------------------------

The total RNA was extracted with Trizol reagent (Invitrogen Corporation). Reverse Transcription was performed using One Step RT-PCR Kit (Takara). A lightCycler (Roche) and SYBR Quantitative real-time PCR kit (Takara) were employed for Q-PCR as described previously [@bib23]. U6 served as the endogenous control. The primer sequences were presented in [Table S1](#appsec1){ref-type="sec"}.

2.8. Statistical analysis {#sec2.8}
-------------------------

All statistical analysis were performed using SPSS version 17.0 software. ANOVA was used for multiple comparisons. P-values \<0.05 were considered statistically significant.

3. Results {#sec3}
==========

3.1. Genome-wide lncRNAs change in mild and severe EV71-infected HFMD patients and healthy control {#sec3.1}
--------------------------------------------------------------------------------------------------

To determine the differential regulation of lncRNAs after EV71 infection, we analyzed the expression profiles of lncRNAs and mRNAs in peripheral blood mononuclear cells (PBMCs) derived from 10 mild HFMD patients, 12 severe HFMD patients and 10 healthy candidates, which were age (34.10 ± 17.10, 33.33 ± 13.81, 35.90 ± 11.41, P = 0.91) and gender (male, 5(10), 6(12), 5(10)) matched. A differential expression profile of each group was obtained with comparison between healthy control, mild patients and severe patients group, which showed that the expression of 8541 lncRNAs were significantly changed (P \< 0.05) and 5955 mRNAs were significantly changed (P \< 0.05) ([Tables S2 and S3](#appsec1){ref-type="sec"}). The Hierarchical clustering analysis demonstrated general variations in lncRNAs and mRNAs expression in the PBMCs of EV71-infected HFMD patients ([Fig. 1](#fig1){ref-type="fig"} A and B). These data indicate that the expression of large amount of lncRNAs are differently regulated in mild and severe EV71-infected HFMD patients.Fig. 1Hierarchical clustering analysis of differentially expressed genes in healthy control, mild and severe HFMD patients. (A and B) Differentially expressed lncRNAs (A) and mRNAs (B) in healthy control (n = 10), mild HFMD patients (n = 10) and severe HFMD patients (n = 12). Red and green color indicates up-regulated and down-regulated transcripts, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 1

3.2. Distinctive dynamic expression profiles of lncRNAs in mild and severe EV71-infected HFMD patients and healthy control {#sec3.2}
--------------------------------------------------------------------------------------------------------------------------

We utilized the STC algorithm to further investigate the expression change pattern of the lncRNAs in healthy control and patients with mild or severe clinical HFMD symptoms. The different expressed lncRNAs were placed into 16 model pattern profiles by STC analysis, and there were 8 significant profiles, respectively containing differential expressed lncRNAs with the similar trend change characteristics, the first 4 significant profiles were Profile9, profile11, Profile15 and Profile14 ([Fig. 2](#fig2){ref-type="fig"} A). The Profile9 and Profile15 contained 1128 lncRNAs and 1362 lncRNAs respectively, which exhibited constantly expression up-regulation trend in healthy control, mild and severe HFMD patients ([Table S4](#appsec1){ref-type="sec"} and [Fig. 2](#fig2){ref-type="fig"}A and B). The Profile11 and Profile14 were constructed with 993 lncRNAs and 1153 lncRNAs respectively, which shown constantly down-regulated expression trend in healthy control, mild and severe HFMD patients ([Table S4](#appsec1){ref-type="sec"} and [Fig. 2](#fig2){ref-type="fig"}A and B). The different expressed mRNAs in each profiles were also shown ([Fig. 2](#fig2){ref-type="fig"}A).Fig. 2STC analysis of distinctive dynamic expression profiles of lncRNAs and mRNAs in severe and mild EV71-infected HFMD patients and healthy control. (A) The differentially expressed lncRNAs and mRNAs are group into 16 model pattern profiles, and 8 significantly different profiles are identified and the change trend of these profile are shown in the red box. (B) In the first 4 significant profiles, the expression change of lncRNAs in severe and mild HFMD patients and healthy control are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 2

3.3. GO analysis and KEGG pathway analysis {#sec3.3}
------------------------------------------

To further identify the functions of these dynamic expressed lncRNAs in Profile9, profile11, Profile15 and Profile14 upon EV71 infection, we took the mRNAs in the corresponding profile as input and performed the GO analysis and KEGG pathway analysis. In Profile9 and Profile15, the top 15 significant GO terms were most related to inflammatory response (GO:0006954) and innate immune response (GO:0045087) ([Fig. 3](#fig3){ref-type="fig"} A and C and [Table S5](#appsec1){ref-type="sec"}). Additionally, in Profile11 and Profile14, the top 15 significant GO terms were related to transcription and regulation of transcription (GO:0006351, 0006355 and 0045892) ([Fig. 3](#fig3){ref-type="fig"}B and D and [Table S5](#appsec1){ref-type="sec"}).Fig. 3GO enrichment analysis and KEGG pathway analysis of differentially expressed mRNAs. (A--D) The GO analysis of mRNAs in Profile 9 according to biological process, the horizontal axis represents --lg (P value) of the GO category. (E--H) The KEGG pathway analysis of mRNAs in Profile 9, the horizontal axis represents --lg (P value) of the pathway terms.Fig. 3

The KEGG pathways analysis revealed various of enrichment-related pathways, in which the lncRNAs and mRNAs derived from Profile9, Profile11, Profile 15 and Profile14 could be involved ([Fig. 3](#fig3){ref-type="fig"}E--H and [Table S6](#appsec1){ref-type="sec"}). Notably, the pathways significantly enriched in Profile9 were most correlated with the pathogen infection and the innate immune signaling pathway, such as the MAPK signaling pathway (path id: 04010) and Toll-like receptor signaling pathway (path id: 04620) which play crucial roles in inflammatory response and innate immune response, moreover, the pathways significantly enriched in the other 3 profiles were also correlation with the pathogen infection and metabolic pathways.

3.4. LncRNA-mRNA co-expression network {#sec3.4}
--------------------------------------

According to the GO and pathway analysis, we took lncRNAs and mRNAs in the most significant STC Profile9 for the further investigation. For high-throughout analysis of the interaction between lncRNAs and mRNAs, we constructed the lncRNA-mRNA co-expression networks. The lncRNA-mRNA pairs were selected to construct the networks when the Pearson correlation coefficient were significant more than 0.95, and the regulation relationship between each pair of lncRNA-mRNA were also shown ([Fig. 4](#fig4){ref-type="fig"} A and [Table S7](#appsec1){ref-type="sec"}). The network was consist of 92 lncRNAs and 61 correlated mRNAs with 153 network nodes and 380 connection edges ([Fig. 4](#fig4){ref-type="fig"}A).Fig. 4Co-expression network of lncRNAs-mRNAs and validation of candidate lncRNAs. (A) In Profile9, the network is consist of 92 lncRNAs and 61 correlated mRNAs with 153 network nodes and 380 connection edges, the purple node denote mRNA and the purple node around by yellow denote lncRNA. (B) Q-PCR analysis of 10 candidate lncRNAs in severe HFMD patients (n = 22), mild HFMD patients (n = 20) and healthy control (n = 20). Data are shown as mean ± S.D., \*\*P \< 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 4

3.5. Confirmation of candidate lncRNAs expression level in mild and severe EV71-infected patients and healthy control {#sec3.5}
---------------------------------------------------------------------------------------------------------------------

To identify the lncRNAs specifically involved in the EV71-induced immune and inflammation responses, we focused on the differentially expressed lncRNAs which took part in the co-expression network with immunity and inflammation related mRNAs in Profile9. There were 10 lncRNAs were screened out, n410673, n408005, n409323, TCONS_l2_00011393-XLOC_l2_006157, n406645, TCONS_00003079-XLOC_001808, TCONS_00022787-XLOC_011068, n410532, n345507 and n410510. We validated the expression level of the 10 lncRNAs in PBMCs of 20 healthy control, 20 mild and 22 severe HFMD patients which were age (35.40 ± 10.75, 33.15 ± 18.39, 31.11 ± 16.44, P = 0.67) and gender (male, 10 (20), 10 (20), 11 (22)) matched, and got the expression trends of these 10 lncRNAs as same as the lncRNA microarray ([Fig. 4](#fig4){ref-type="fig"}B).

4. Discussion {#sec4}
=============

EV71 is the most causative virus leading to fatal HFMD in infants or children younger than 5 years old [@bib24]. EV71-infected HFMD patients exhibit high level of cytokines and chemokines in serum or cerebrospinal fluid, especially the severe case always turn into dysregulation of immune response and inflammatory response, result in local or system complication even death [@bib1]. The underlying mechanism about the abnormal regulation of EV71-induced immune and inflammatory state attract increasing concerns, and most of the researches are focus on the coding genes. Actually, non-coding RNAs such as microRNA and lncRNA have been revealed having variety of function in physiological and pathological processes. Although lncRNAs have been clarified functioning after many virus infection, while little was known in EV71-infected HFMD. In EV71-infected RD cells, 4800 lncRNAs were differentially expressed, 160 of the lncRNAs regulated enhancer-like lncRNA and mRNA pairs nearby the lncRNAs [@bib13]. The study pointed out the potential roles of lncRNAs in the host response to EV71 infection, however, still need the clinical proof to confirm the putative function of EV71 infection-related lncRNAs. In our research, we investigated the differentially expressed lncRNAs in EV71-infected mild and severe HFMD patients and healthy control, and found 8541 lncRNAs were significantly changed, indicating that lncRNAs were involved in EV71 infection.

EV71 usually induces self-limiting HFMD, meanwhile, it is the most causative pathogen that lead to severe inflammation and neurological complications [@bib25], however, what defines the clinical outcomes of EV71-induced HFMD remain elusive. In our research, we isolated and sequenced the EV71 RNA, and found the EV71-isolated from either mild or severe patients were all assigned to subgenotype C4a and with no sequence difference after sequence alignment (data not shown). These data indicated that the mild or severe clinical complications of the EV71-infected patients might not due to the virus mutant. The genes which dynamic change in response to the stimulations or accompany with the progression of diseases, may have crucial biological functions. Through STC analysis, the lncRNAs dynamic expression profiles were obtained at various time points after 2/3 partial hepatectomy, moreover, lncRNA-LALR1 was significantly increased in a time-dependent manner and was essential for the hepatocyte proliferation [@bib26]. In the lung tissue of H1N1-infected mice, a total of 82 miRNA expression were significantly different from the control mice, and the dynamically expressed 17 miRNAs were confirmed more significant and related to the influenza A pathway through STC and further investigation [@bib27]. We focused on the dynamic genetic profile after EV71 infection and screened the 8 significant dynamic expression profiles of lncRNAs using STC analysis. The first 4 significant profiles were Profile9, profile11, Profile15 and Profile14 each contained thousands of lncRNAs which constantly up or down regulated in healthy control, mild and severe HFMD patients. In the most significant Profile9, 10 lncRNAs were identified associated with the inflammation and innate immune response upon EV71 infection. The lncRNAs with dynamic expression change may be more correlated with the severity of the HFMD clinical symptoms, and could play crucial roles in the regulation of EV71-induced immune and inflammatory responses.

Since lncRNAs were reported having a diverse range of roles in innate immune system in 2009 [@bib5], accumulating evidences reveal that lncRNAs are important in regulation of innate immune and inflammatory responses during host-virus interaction [@bib9]. In lung tissue of SARS-CoV-infected mouse, the expression of lncRNAs widespread changed when compared with the control, and the similar changes were also proved during influenza virus infection, revealing that a common lncRNAs-based characterize of host response to respiratory viral infection [@bib11]. After influenza virus or herpes simplex virus (HSV) infection, lncRNA NEAT1 (nuclear paraspeckle assembly transcript 1) expression was increased [@bib28]. Then NEAT1 interacted with SFPQ (Splicing factor proline/glutamine-rich) and mediated SFPQ leaving from the promoter of IL-8, leading to activation of IL-8 in TLR3-p38 signaling pathway [@bib28]. Moreover, upon HIV-1 infection, NEAT1 expression was up-regulated to inhibit HIV-1 replication [@bib29]. On the other hand, viruses also can hijack lncRNAs for virus replication and viral protein synthesis benefiting for their own life process and suppressing the antiviral immune responses [@bib30]. In response to the influenza A virus (IAV), virus inducible lincRNA (VIN) were up-regulated, which was also investigated in after H1N1, H3N2, H7N7 as well as vesicular stomatitis virus (VSV) [@bib31]. The further function abolition of VIN leaded to the restriction of IAV replication and viral protein synthesis, highlighting the relevance of VIN in IAV virulence and virus pathogenesis [@bib31]. We identified and confirmed 10 lncRNAs which were differentially expressed in EV71-infected mild patients, severe patients and healthy control. Among the 10 lncRNAs, the expression of n409323 was positive correlation with CARD8 expression level, and CARD8 may be involved in the negative regulation of IκB/NF-κB cascade upon EV71 infection, indicating that n409323 may play some roles in IκB/NF-κB signaling pathway regulation. Notably, the IκB/NF-κB cascade is one of most critical pathways for the production of cytokines such as IL-6 and TNF-α in the anti-viral innate immune responses [@bib32]. The other screened lncRNAs were associated with innate immune and inflammatory responses according to the GO and pathway analysis, however, the function and the regulation mechanism of these lncRNAs still need further exploration.

Taken together, our research first exhibited the lncRNAs expression profile in EV71-infection clinical specimens, especially with the mild and severe EV71-infected HFMD patients. Moreover, we analyzed the lncRNAs dynamic differentially expressed profile revealing the potential crucial roles of lncRNAs in determinant of EV71-induced HFMD clinical manifestation progress. The screened 10 lncRNAs, that were correlated with the innate immune and inflammatory responses, suggested the pathogenesis of imbalanced inflammation during EV71 infection, and may severe as the candidate direction for intervention of severe EV71-infected cases.
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